This review describes the current knowledge of the pathogenesis of acute Lyme neuroborreliosis (LNB), from invasion to inflammation of the central nervous system. Borrelia burgdorferi (B.b.) enters the host through a tick bite on the skin and may disseminate from there to secondary organs, including the central nervous system. To achieve this, B.b. first has to evade the hostile immune system. In a second step, the borrelia have to reach the central nervous system and cross the blood-brain barrier. Once in the cerebrospinal fluid (CSF), the spirochetes elicit an inflammatory response. We describe current knowledge about the infiltration of leukocytes into the CSF in LNB. In the final section, we discuss the mechanisms by which the spirochetal infection leads to the observed neural dysfunction. To conclude, we construct a stringent concept of the pathogenesis of LNB.
INTRODUCTION
Lyme borreliosis is the most common human tick-borne disease in the Northern hemisphere. Its prevalence is estimated to range between 20 and 100 cases per 100,000 people in the US and about 100 to 130 cases per 100,000 in Europe (1, 2) . It is caused by the spirochete Borrelia burgdorferi (B.b.) sensu lato. B.b. can be divided into four human pathogenic species: B.b. sensu stricto (the only human pathogenic species present in the US), B. afzelii, B. garinii, and B. spielmanii (3) .
The infection by B.b. is a complex process beginning with the translation from the gut to the salivary glands of the tick during the feeding process on the host. After invasion into the skin, B.b. can cause a local infection called erythema migrans (EM). During the second stage of Lyme disease, B.b. can spread from the tick bite on the skin to various secondary organs throughout the body, including heart, joints, and peripheral and central nervous system (CNS) (4) . Major clinical findings of the neurological manifestation of acute Lyme neuroborreliosis (LNB) include painful meningoradiculitis with inflammation of the nerve roots and lancinating, radicular pain (Bannwarth's syndrome), lymphocytic meningitis, and various forms of cranial or peripheral neuritis (5) .
The clinical picture of painful meningoradiculitis was first described in 1922 (6) , but the etiology was unknown till the description of the causative spirochetes by Burgdorfer et al. in 1982 (7) and the isolation of spirochetes from the CSF of a patient with Bannwarth's syndrome in 1984 (8) . During the last 25 years, we have gained some insight into the pathogenesis of LNB, but there are still many aspects that have not yet been clarified. One reason for our incomplete understanding of the mechanisms that lead to LNB is the limited availability of an adequate animal model. The only induction of reliable, clinically manifest LNB in an animal model so far was in a primate model involving the rhesus macaque, where for example, spirochetes could be demonstrated at the nerve roots (9) . Further insight has been gained either from human material or cell culture experiments: whereas, for example, the inflammatory response of the human host to B.b. has been measured in CSF samples (10) (11) (12) , the mechanisms of adherence of B.b. to endothelial cells, cytotoxicity on neural cells, or the induction of cytokines was analyzed using primary cells or cell lines in vitro (13) (14) (15) (16) (17) . Though our knowledge of the pathogenesis is still incomplete, in this review we attempt to construct a stringent concept of the pathogenesis of LNB, from the first encounter of the spirochetes with the hostile immune system inside the tick up to the neuronal dysfunction evoked by B.b. as seen in patients with LNB.
HIDING FROM THE IMMUNE SYSTEM
Even before entering the host, the spirochete has to evade the hostile immune system. During the first 24 to 48 hours of tick feeding, the borrelia are attached to the tick gut, mediated by the (18) . While the hostile blood flows into the tick gut, the spirochetes multiply and prepare for dissemination to the salivary glands (19) . At that time, the borrelia are already faced with the different components of the mammalian immune system. An impressive example of this is the mechanism of action of OspA vaccination: anti-OspA antibodies from the host are able to kill the borreliae already in the tick gut, thereby preventing infection of the host (20) . In parallel, the borrelia are confronted with the hostile complement system. The complement system is a biochemical cascade that not only is potentially cytotoxic, but also opsonizes the pathogen and attracts leukocytes (21 (5, 30) . But why is it so hard for the immune system to attack the borrelia? The borrelia possess several mechanisms that enable them to escape ( Figure 1 ) including (1) downregulation of immunogenic surface proteins, (2) inactivation of effector mechanisms, or (3) hiding in less accessible compartments like the extracellular matrix. This will be depicted in detail below.
Downregulation of Immunogenic Surface Proteins
To escape from the immune reaction of the host, the borrelia hide highly immunogenic surface proteins using the mechanism of antigenic variation (31) . OspA, for example, is a potent stimulator of neutrophils (32) and induces the release of proinflammatory cytokines like interleukin (IL)-1β, tumor necrosis factor (TNF)-α, or IL-6 in vitro (33) . To avoid such an inflammatory response, OspA, while abundantly expressed in the tick gut as an important adhesion protein (34) , is rapidly downregulated during the feeding process on the host (35, 36) . Though OspA-positive borrelia are able to enter the host, they are unable to establish an infection (37) , and B.b. isolated from mice four days after infection are all OspA negative (38) . It can be concluded from these results that only OspA-negative borrelia are able to survive in the host and therefore, this surface protein does not appear to be expressed during the early phase of the infection.
OspC, in contrast, is rapidly upregulated before dissemination to the salivary glands during the blood meal of the tick, most probably mediated by the increasing temperature and the pH shift as the blood of the host enters the tick gut (39) (40) (41) . The expression of OspC constitutes an important initial survival factor during transmission from the tick to the host. In a recent study, it was shown that B.b. can bind the complement inhibiting protein Salp15 of the tick saliva via OspC, which protects the spirochete against the hostile complement system (42) . Therefore, the expression of OspC appears essential for the first 48 h of infection to escape the innate immunity (43) , and OspC-negative borrelia are unable to disseminate and invade the host. However, a persistent infection of the host is possible by downregulating OspC Figure 1 . Mechanisms of the borrelia to evade the immune system. Borrelia are recognized by immune cells through TLR2 and CD14 and attacked by complement and antibodies. Therefore, the borrelia downregulate their surface proteins, hide in the extracellular matrix, and use complement-neutralizing proteins like Salp, CRASPs, or ISAC/IRAC or induce the formation of immune complexes by secreting soluble antigens to be protected from recognition and subsequent killing. again 8 to 21 days after infection (44) . A constitutive expression of OspC-as for example, by a mutation of the respective regulatory element-leads to an efficient clearance of the borrelia once the humoral immune response is set (44, 45) . Therefore, the borrelia also hide this surface protein later during the course of infection to remain unrecognized from the immune system of the host. This is supported by the finding that anti-OspC antibodies are found in the rhesus monkey up to 20 to 30 days after infection, whereas they disappear in later stages (46) . In parallel, neither OspA nor OspC expression can be found in persistent borrelial infection in the rhesus monkey, and the rate of systemic inflammation in these animals is low (47) . All in all, it appears that the borrelia suppress or hide several surface markers to minimize their immunogenic characteristics, but a transient expression can be used to utilize protective mechanisms.
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Inactivation of Effector Mechanisms
Besides Salp15, other complementneutralizing substances such as, for example, Salp20, ISAC, or IRAC have been identified in tick saliva (48) (49) (50) . Therefore, it can be concluded that B.b. uses the immunosuppressive environment as established by the feeding tick to arm itself against the hostile immune system. In addition to these complement-blocking agents supplied by the tick, the borrelia express their own complementbinding proteins on their surface: the complement regulator-acquiring surface proteins (CRASPs) (51), the factor H binding outer surface protein E paralogs (52), or the host complement regulatory protein CD59 (protectin) (53) . These surface proteins allow the spirochetes to resist complement-mediated killing even inside the host. Another mechanism to impair the hostile immune system is the induction of anti-inflammatory cytokines. IL-10 is considered a key (negative) regulator of inflammatory cytokine release and/or function. It has been shown that B.b. induces the secretion of IL-10 in mononuclear cells (54) , and the clearance of B.b. in IL-10 deficient mice is 10 times higher than in their wild-type littermates (55) . This suggests that borrelia induce IL-10 to inhibit the host defense. Finally, it has been shown that B.b. can release soluble antigens, which aggregate with B.b.-specific antibodies, thus leading to the formation of immune complexes. This might impair the opsonization and, as a consequence, the effective killing of the microbes (56) (57) (58) . In conclusion, B.b. appears to possess a complex arsenal for an active immune suppression by both downregulating the immune response and neutralizing its effector mechanisms.
Hiding in Less Accessible Compartments
Finally, invasion of a protected niche can be another way to hide from the hostile immune system as shown so far in vitro. The extracellular matrix is considered one such immunologically privileged site (59, 60) . It is well known that borrelia can bind plasminogen via OspA on their surface. Although it has been shown in vitro that plasminogen binds to the spirochetal surface very rapidly (starting at 60 min, with a saturation point at 300 min), the time course in vivo has not yet been analyzed (61) . Plasminogen can be activated to plasmin (62, 63) , leading to degradation of the extracellular matrix as a prerequisite for its invasion. It is of note, however, that borrelia do not appear to express considerable amounts of OspA during (early) infection (37, 38) . Therefore, plasminogen might be important for dissemination in the tick, but not in the mammal host (62). OspA-negative borrelia could be using flagellin instead for dissemination. A study using a flagella-less mutant of B.b. demonstrated an impaired motility of borrelia lacking flagella. The authors stated that the flagellum and the motility it confers play a role in B.b.'s invasion of human tissue (64) .
Furthermore, borrelia lead to a local upregulation of the matrix metalloproteinase-9, which digests the surrounding extracellular matrix (65) . In addition, the borrelia can attach to several proteins of the extracellular matrix, such as, for example, fibronectin (66) , several integrins (67), or proteoglycans like decorin (68) . Decorin is a collagen-binding proteoglycan that is produced as a component of the connective tissue. It facilitates both the dissemination and the survival of Lyme disease spirochetes in decorin-rich tissues (69) . As a consequence, the borrelia can hide in these extracellular structures, rendering them less subject to the circulating leukocytes.
INVASION OF THE CENTRAL NERVOUS SYSTEM
All these well-orchestrated mechanisms may help the borrelia not only to survive, but also, for example by degrading the extracellular matrix, to disseminate in the host (69) . There are two alternative ways for the spirochetes to reach the central nervous system from their original point of entry, the skin: either through the bloodstream or along other structures like the peripheral nerves. There are several arguments that favor a dissemination of the spirochetes predominantly by the blood vessel route. First of all, the bloodstream is a well-known route of dissemination for many bacteria in the host and it is therefore likely that B.b. also uses this path. In accordance with this, borrelia can be cultivated in up to 35% to 45% of plasma samples from patients with early Lyme disease in the US (70, 71) . It has to be kept in mind that the effective prevalence of borrelia in the blood of patients will be even higher, as the sensitivity of culture methods can never achieve 100%. Therefore, hematogenous dissemination of the spirochetes can be considered frequent in patients with Lyme disease in the US (71). The exact mechanisms by which the spirochetes travel through and along with the blood and escape the circulating immune cells are not known. Though it would be tempting to speculate that they bind to the integrins on the surface of circulating platelets, it is rather unlikely that spirochetes can use them as a sort of protected transport vehicle, as activated platelets are not abundant in the circulation (72). After they have arrived at the cerebral or spinal vessels, the borrelia might attach to the endothelial cells by inducing adhesive proteins like E-selectin, ICAM-1, or VCAM-1 (73), or they can bind via integrins (67) to a localized aggregation of activated platelets (72) . One of the borrelial proteins that could be involved in this adhesion process is, as in the tick gut, OspA: antibodies against this surface protein could significantly reduce the adherence to endothelial cells in vitro (13) . However, it has to be kept in mind that OspA was found to be downregulated during dissemination in the host (37, 38) , and therefore, the relevance of this in vitro finding for the in vivo situation would have to be clarified in further studies.
It is still a matter of debate how the borrelia passes the blood-brain barrier. Some authors argue for a penetration of the spirochetes between the endothelial cells (74, 75) , whereas others favor a transcellular passage (76) . Even though the exact mechanism is not yet clarified in detail, the definite entry of borrelia into the cerebrospinal fluid has been documented by both culture methods and PCR (3, 8) .
In brief, the mechanism of hematogenous dissemination appears to be a suitable way for the spirochetes to enter the central nervous system. Nevertheless, it is of note that the initial and maximal radicular involvement in patients with meningoradiculitis (Bannwarth's syndrome) is often linked to the location of the previous tick bite or the EM-a phenomenon that was observed even years before the spirochetal etiology of Bannwarth's syndrome was known (77) . In their report, the authors proposed that the (at that time unknown) microbe would migrate along the peripheral nerves or lymphatic vessels to the central nervous system. This hypothesis is further supported by the fact that a borrelial-induced chemokine, CXCL13 (as described later in detail), can be found in high concentrations in the CSF, but not in the serum, of LNB patients in Europe (10, 17) . It could be argued that immune evasion of borrelia by both temporal and spatial regulation of outer surface proteins or binding of immunoinhibitory proteins to its surface during hematogenous dissemination as described above would suppress the immune response and consequently the production of CXCL13 in the serum. However, the prominent induction of CXCL13 in the CSF is not well explained by this theory. Therefore, one might speculate that, according to the observation of Horstrup and Ackermann (77), migration of borrelia along structures other than the blood to the CNS with less contact to the systemic circulation might be the reason for the low blood but high CSF CXCL13 levels in LNB patients. It has to be kept in mind that the most frequent borrelial species isolated from the CSF of patients with Bannwarth's syndrome in Europe is B. garinii. This species has not been detected in the US, where Bannwarth's syndrome is only rarely observed. The most frequent manifestation of LNB in the US is meningitis, caused by B.b. sensu stricto. Therefore, it is tempting to speculate that the process of dissemination in systemic borreliosis is different in Europe and the US. Whereas the meningopolyradiculitis in Bannwarth's syndrome might be the result of a local invasion along the nerves to the nerve roots, the more diffuse meningitis observed in the US could be the result of a hematogenous spread. In this context, it is of note that multiple EM lesions (that can be well explained by hematogenous dissemination) are rather frequent in the US but rare in Europe. In conclusion, dissemination along both the blood vessels or other structures like the peripheral nerves, could be an option for the borrelia to invade the CNS, and the respective mechanism might be due to the distinct borrelial species in Europe and the US.
THE INFLAMMATORY RESPONSE IN THE CNS
Once they have entered the CNS, the borrelia first encounter local immune cells like monocytes, macrophages, or dendritic cells. On the one hand, these cells produce proinflammatory cytokines like IL-6, IL-8, IL-12, IL-18, or interferon (IFN)-γ, and increased levels of these cytokines have been found in the CSF of LNB patients (12, (78) (79) (80) (81) . On the other hand, chemokines (chemotactic cytokines) are induced to attract other immune cells to the inflammatory focus. The large family of chemokines, with approximately 50 members known so far, is divided into two major subfamilies, CXC and CC chemokines, based on the arrangement of the first two of four conserved cystein residues (82, 83) . Besides being grouped on common motifs in their amino acid structure, the chemokines can also be subdivided according to the kind of cells that they predominantly attract. B-lymphocytes, in contrast to other leukocytes, show a substantial migration only in response to very few chemokines, namely the CC chemokines CCL19 and CCL21 and the CXC chemokines CXCL12 and CXCL13 (84) . As the leukocyte CSF-infiltrate in neuroborreliosis contains, if compared with other CNS infections, the highest proportion of B cells (12, 85) , these chemokines could play an important role in the inflammatory CNS reaction in LNB. One of these chemokines, CXCL13, was found in high concentrations in the CSF of LNB patients (10). It is produced by monocytes (17) and dendritic cells (86) in response to the spirochetal encounter, and both the Pam 3 Cys motif of the lipoproteins on the borrelial surface and the toll-like receptor TLR2 of the monocytes appear to be involved in the recognition process ( Figure 2) (17) . Another B-cell-attracting chemokine that has been detected in the CSF of LNB patients is CXCL12 (87) . However, the CSF-to-serum ratio of CXCL12 in that study was 1.2, whereas the mean CXCL13 concentration in the CSF of LNB patients was found to be 114 times higher than in the serum. Therefore, it can be argued that the prominent gradient between the high CSF levels and the low serum levels of CXCL13 leads to the invasion of B-lymphocytes into the CSF, but this would have to be confirmed in migration assays. The lipid moiety of the borrelial OspA is known to induce a polyclonal B-cell activation (88) . Subsequently, the B-cells can mature to plasma cells to produce the borreliaspecific antibodies found in the CSF of LNB patients (Figure 2) (3) . In accordance with this, elevated CXCL13 concentrations in the CSF can be measured days before intrathecally produced borrelia-specific antibodies appear (89) . But how can OspA, though being downregulated during the dissemination process (36) , play such an important role in the immune reaction in the CSF? It appears that OspA is upregulated again in the different environment of the CSF, as OspA antigens and antibodies have been detected in the CSF, but not the serum, of LNB patients (90) . In addition, it has been shown that OspA expression in vivo can be significantly induced if the spirochetes are kept in an inflammatory environment (91) .
Besides B-lymphocytes and plasma cells, there is also a clonal accumulation of activated CD8 + T cells in the CNS during early LNB (92) . This lymphocyte subtype could be attracted by the local production of chemokines like CCL4, CCL5, CXCL10, or CXCL11 (82), as increased levels of all these chemokines have been found in the CSF of LNB patients (87, 93, 94) . However, a functional role for the immigration of T-lymphocytes has been shown only for CXCL11 so far (93) . To summarize, the invaded spirochetes are detected by local immune cells, which secret several chemokines that lead to the lymphocytic pleocytosis observed in the CSF of LNB patients.
NEURAL DYSFUNCTION IN LNB
The most prominent clinical manifestation of Bannwarth's syndrome is lancinating radicular pain (5), whereas patients with meningitis suffer mainly from headache and facial nerve palsy (2, 95) . Besides these symptoms, focal abnormalities like paresis or paresthesias are frequently observed in patients with polyradiculoneuritis or cranial neuritis (5) . These symptoms are the result of a focal or diffuse neural dysfunction, but the pathophysiology is far from clear. There are several principal mechanisms that can be considered: direct cytotoxicity, neurotoxic mediators, or triggered autoimmune reactions (Figure 3) .
On the one hand, it is well known that borrelia can adhere to murine neural and glial cell lines (96, 97) , primary neural cells from fetal mice (16) , and primary rat brain cultures (96) (Figure 4 ). This adherence process appears to be mediated by the borrelial OspA (16) and the proteoglycans (16) or the galactocerebrosides (98) on the neural or glial cells. The adherent borrelia can be cytotoxic for the neural cells (97) , and OspA induces apoptosis and astrogliosis (99) . Therefore, a direct interaction between the borrelia and the neural cells could be responsible for the observed dysfunction. On the other hand, secreted substances could injure the neural cells. Although B.b. do not possess any known endotoxin (100), cells of the host could secret neurotoxic products in response to the spirochetes. Schwann cells, for example, appear to produce nitric oxide (NO) in the rhesus monkey model of LNB (101) , and the incubation of glial-enriched primary cultures of neonatal rat brain cells with B.b. leads to the accumulation of NO in the culture medium (78) . In addition, macrophages incubated with B.b. can produce quinolonic acid, an agonist of NMDA synaptic function, which can be neurotoxic in higher concentrations (102) . Furthermore, the spirochetes can induce cytokines like IL-6 or TNF-α in glial cells, both of which are neurotoxic and might provoke autoimmune reactions (99, 103) . Taken together, the neural dysfunction in LNB patients might also be due to secreted substances that are induced by spirochetes.
R E V I E W A R T I C L E
Finally, spirochetal-induced, autoimmunemediated mechanisms by "molecular mimicry" could also be an important step in the observed neural dysfunction. Cross-reactive antibodies can be found in Lyme borreliosis (104) (105) (106) , as the serum of patients with Lyme disease contains antibodies against flagellin of B.b. that cross-react with neural antigens. In this context, it is of note that OspA is also supposed to play a role in autoimmune Lyme arthritis (30, 107) .
In brief, there are several ways in which borrelia can induce the neuronal dysfunction that leads to the clinical picture of LNB, but further studies would be needed to clarify these yet largely unknown pathophysiological processes.
CONCLUSION
The pathogenesis of LNB is a complex process with several fascinating aspects, such as, for example, how the borrelia manage to escape the immune system and the ability of the spirochetes to invade the carefully protected CNS. Insights into the pathophysiology of this disease help us to understand the principal microbiological mechanisms involved, and these insights might even be transferable to infections with other spirochetes like Treponema or Leptospira. Therefore, further research on the pathophysiology of infection with B.b. would increase not only the knowledge of Lyme borreliosis but also of other spirochetal diseases, such as syphilis or Weil syndrome, with an increasing incidence and higher morbidity and mortality. 
